The synthesis of cytochrome by bacteria is strongly influenced by the environment, in particular by the degree of aeration, and, in many instances, the cytochrome content is increased as the oxygen pressure diminishes (14, 17) . High concentrations of cytochromes are also found in organisms which are grown anaerobically with nitrate as terminal acceptor (24, 26) . The effect of environment on cytochrome synthesis has been extensively examined in Haemophilus influenzae (29, 31, 32) . This organism makes a variety of such pigments, whose synthesis is influenced to various extents by the conditions of aeration and by anaerobic growth with nitrate.
Cytochrome synthesis involves the formation of the iron tetrapyrrole prosthetic group (referred to as heme) and the specific protein associated with it. The regulation of tetrapyrrole synthesis has been studied previously in the photosynthetic bacterium Rhodopseudomonas spheroides, which makes both hemes and chlorophyll (the latter predominating). The first enzyme of the tetrapyrrole biosynthetic pathway, s-aminolevulinate (ALA) synthase, is repressed by high aeration and is subject to feedback inhibition by iron protoporphyrin (hemin) (1, 12, 13) . There is no information about the regulation of heme synthesis by nonphotosynthetic bacteria. Another unknown area is the integration of synthesis of the heme prosthetic group with that of the protein moiety of the cytochromes. In animal tissues, there is evidence that the prosthetic group has an important role in regulating the formation of the protein components of the hemoproteins, hemoglobin and tryptophan pyrrolase (5-7, 18, 20) .
In the present work cytochrome synthesis and its regulation have been studied in Spirillum itersonii. This organism grows aerobically on a chemically defined medium with glutamate as sole carbon source, and it also grows anaerobically with nitrate as terminal electron acceptor (33) . It was chosen for this work since the cells were found to be rich in b-and c-type cytochromes when grown under low aeration. Also, ALA synthase, a likely locus in the regulation of heme synthesis, was readily detectable in extracts of the organism; previous attempts to detect this enzyme in nonphotosynthetic bacteria have been unsuccessful (1). (8) . Carbon monoxide-binding pigments were demonstrated in cell-free extracts as described previously (24) .
The protoheme prosthetic group of cytochrome b was extracted and estimated by a procedure similar to that described by Jacobs and Wolin (9) . Cell-free extract was precipitated with 5 volumes of acetone at 0 C, and the precipitate was washed with the same volume of acetone. The precipitate (20 to 30 mg of protein) was extracted twice with 10 ml of acetone containing 1% 2 N HCI. The acid extract, containing protoheme, was dried in vacuo at 25 C, and the residue was extracted twice with 10 ml of ether. The ether extract was washed with an equal volume of water and dried. The residue was dissolved in 0.01 N NaOH, and the protoheme was determined as the pyridine hemochromogen (22) . Cytochrome c heme, which remained in the residue after the extraction with acid acetone, was also determined as the pyridine hemochromogen (23).
All spectroscopic measurements were made with the Cary model 14R spectrophotometer using the 0.1 optical density full scale slide wire.
Tetrapyrroles and precursors. Free and total heme and porphyrins were estimated as described previously (16) . B-Aminolevulinic acid and porphobilinogen were determined by the method of Mauzerall and Granick (21) .
ALA synthase activity. This was assayed in cell-free extracts prepared with a French press (1). Optimal conditions (pH, temperature, concentration of substrates and cofactors) for assay of the synthase in Spirillum extracts were found to be similar to those established with extracts of R. spheroides (1). Under the standard conditions of assay, ALA formation was proportional to the concentration of protein over the range 0.2 to 1 mg/ml of reaction mixture. Assays were done within 2 hr after the preparation of the extract because of the instability of the enzyme; 50% of the activity was lost after 24 hr of storage at 0 C. One unit of enzyme is the amount which catalyzes the synthesis of 1 m,umole of ALA in 1 hr at 37 C.
Protein. The Lowry method was used with bovine serum albumin as standard (19) . Whole cells were digested for 7 min at 100 C in 0.1 N NaOH for determination of their protein content.
RESULTS
Cytochrome system of S itersonii. The (Table 1) . iely. The The rise in cytochrome synthesis was evident mn is pre-from the earliest stages after transition of the id o.
organisms from conditions of high to low aerasystem of tion, though the cultures grew initially at the In formed same rate ( Fig. 2 and 2b) . Enhanced Synthesis of prosthetic group and protein moieties of the cytochromes. Attempts were made to determine whether formation of the protein component of the cytochromes occurred when synthesis of the heme prosthetic group was limited by iron deficiency. Organisms were first incubated with low aeration in GGS medium without added iron. Iron and hemin were then added, together with chloramphenicol, and the incubation was continued; samples were withdrawn at intervals for determination of cytochromes. There was no evidence for the accumulation of apo-cytochrome during the initial incubation, since formation of both cytochromes upon addition of iron and hemin was completely prevented by chloramphenicol (Fig. 4) . Similar results were obtained when DL-4-methyltryptophan (0.2 mM) was used to inhibit protein synthesis.
The possibility that free heme or precursors might accumulate when synthesis of the protein moiety was prevented was also exmined in these experiments. However, neither heme, porphobilinogen, nor porphyrins were detected in the culture fluids of either the control experiments or those Effect of growth conditions on the activity of ALA synthase. ALA synthase was readily detectable in extracts of S. ilersonii, as the enzyme was located exclusively in the soluble fraction of cell extracts. The activity was highest in extracts grown under low aeration, particularly with nitrate present (Table 1) .
Derepression of enzyme synthesis occurred upon transfer of cells from high to low aeration, and the rise in enzyme activity paralleled the increase in cytochrome content (Fig. 5a ). The increase in enzyme in response to low aeration probably represented de novo synthesis, since it was prevented by chloramphenicol (Fig. 5a ) or by deprivation of tryptophan in the case of a mutant strain requiring this metabolite. In the converse type of experiment, repression of enzyme synthesis and of cytochrome formation occurred when cells were trans- and ALA synthase activity (0) were measured on samples removed at intervals. In both experiments, the initial cell concentration was 0.1 mg of protein/ml. ferred from low to high conditionis of aeration (Fig. Sb) . Experiments with mixed extracts from cells grown under low and high aeration gave no evidence for the formation of an inhibitor of the enzyme under the latter conditions.
There is indirect evidence that iron is concerned in the action of ALA synthase in red blood cells and in plants (15) . In S. itersonii, however, omission of iron from GGS medium did not affect enzyme activity, although cytochrome synthesis was markedly reduced (Table 1) .
Inhibition by hemin of activity ofALA synthase. The effect of hemin on the synthase activity in the soluble fraction of extracts from S. itersonii was examined (Table 2) . Considerable inhibition occurred at concentrations of 10,M or higher. The enzyme, however, was less sensitive to hemin than that from R. spheroides; when tested under the same conditions, 1 AM hemin inhibited the activity from R. spheroides by 50%, whereas that from S. itersonii was not affected.
Growth in the presence of hemin (10 M) did not repress formation of ALA synthase by S. itersonii; extracts from organisms grown under high or low aeration had the same enzyme activity as that in controls without hemin.
DISCUSSION
In animal tissues there is evidence that the heme prosthetic group influences the synthesis of the protein component of some hemoproteins. Hemin stimulates globulin synthesis in reticulocytes and in cell-free systems (5, 6, 7) . In chick blastoderms, a The enzyme activity was assayed in the soluble fraction of extracts prepared from cells which had been grown with low aeration in GGS medium with 20 mM KNO3. The protein concentration was 0.6 mg/ml, and the incubation was for 60 min at 37 C. globulin synthesis is increased by ALA, which bypasses ALA synthase, the rate-limiting step of heme synthesis in this tissue (18) . The formation of tryptophan pyrrolase in liver is apparently determined by the activity of ALA synthase, which limits the rate of synthesis of the heme prosthetic group (20) . Several possible mechanisms have been advanced to account for the role of heme in stimulating hemoprotein synthesis, such as promotion of the release of newly formed protein from the ribosomes (18) .
The observations with S. itersonii are consistent with a central role for the iron porphyrin prosthetic group in the regulation of cytochrome synthesis, though they do not provide direct evidence for this (Fig. 6) (Fig. 6 ). In the tricarboxylic cycle, oxidation of succinate becomes rate-limiting under low oxygen pressure, and succinate may accumulate (10) ; the accumulation of succinyl-CoA might then occur by the action of succinyl-CoA synthetase. The participation of this enzyme has been suggested in the control of heme synthesis by liver mitochondria (11) .
Synthesis of the b-and c-type cytochromes by S. itersonii does not appear to be under strict coordinate control, since there is a disproportionate increase in cytochrome c in response to low aeration. There are other instances of uncoordinated synthesis of c-type cytochromes. Haemophilus parainfluenzae forms cytochrome c preferentially in the presence of nitrate (31) ; in yeast and Neurospora, large amounts of cytochrome c are formed when synthesis of the other cytochromes is prevented by mutation or by chloramphenicol (3, 25, 28) .
All the cytochrome formed by S. iiersonii in response to low aeration is apparently integrated with the electron transport chain, since complete reduction was observed with succinate. The high concentration of hemoproteins under these conditions did not, however, give an obvious ad- 
